A deep-throttable rocket engine using hydrocarbon fuel is needed an essential element of next generation space propulsion systems. However, deep-thlottling capability of a rocket engine is restricted within narrow range by some factors. Then, we proposed a gas/gas injection type rocket engine to solve the problems attending on deep-throttling. On the other hand, using this type injection system made some extra problems such as the balance between chamber cooling and gasification of the propellant, the power load of auxiliary machinery, and the range of turbopump operating point. In this paper, we adopt the propellant combination of Ethanol/Oxygen and analyzed the system balance and engine performance.
Introduction
For the future space transportation system, such as single stage to orbit (SSTO) vehicle, a propulsion system with superior performance than conventional rocket engine is required. A rocket based combined cycle (RBCC) engine is proposed as the propulsion system of this kind.
The RBCC engine changes the operating mode with the vehicle flight conditions, the altitude and Mach number. It means to change the distribution of generating the thrust between embedded rocket and ramjet. Therefore, it can achieve higher average specific impulse (Isp) than conventional rocket engine. For this reason, the embedded rocket engine should have 100 to 10 % throttling range in according with the operating mode 1), 2) . However, deep-thlottling capability of a rocket engine is restricted within narrow range by some factors, for example, the system balance such as between chamber cooling load and coolant or propellant mass flow rate, the turbopump drive gas flow rate and the propellant flow rate of main combustion chamber. Especially, the decrease in the pressure ratio across the injector to lead to the combustion instability is the main reason to restrict the rocket engine throttling capability within narrow range. As a result of this, the deep-throttling capability of the embedded rocket engine is one of the most important technical challenges of RBCC.
Then, some types of injection system are proposed to expand the throttling range, for example, variable area injector, high pressure drop injector, inert gas mixing injector. But, Copyright© 2014 by the Japan Society for Aeronautical and Space Sciences and ISTS. All rights reserved. they have some demerit, such as heavier structure and more complex design, less Isp performance.
So, we suggested the other injection system, gas/gas type injector. This system injects both fuel and oxidizer into combustion chamber in gas phase. It leads the pressure balance between injection system and combustion chamber to fixed ratio.
However, using gas/gas type injection system makes it harder to come into heat balance of combustion chamber.
Furthermore this, deep-throtlling cause the other problems such as the operation across the critical speed and falling the efficiency of turbopump.
As for the fuel of the RBCC engine, hydrocarbon fuel is proposed due to its easy to handle nature, low cost, and high density. High density reduces the tank volume, enabling installation of embedded tank in non-cylindrical airframe. Then, hydrocarbon fuel, namely Ethanol, is under consideration as the fuel for reusable launch vehicle termed on the reference system at JAXA. 2) Calhoon et al. built up an generalized analytical model to evaluate the rocket engine using gas/gas type injector from the combustion performance and the heat load of the combustion chamber 3) However, the performance of the entire engine didn't come under their analysis. Besides that, the research to complement the Calhoon's study couldn't be found Then, we estimated the performance and operating range of the gas/gas type injection rocket engine using hydrocarbon fuel.
Method

System analysis
In this study, we constructed a rocket engine system model shown in Fig. 2 . This model includes the components, turbopump, regenerative cooled combustion chamber, heat exchanger, pressure reducer, and gas/gas type injection unit. We estimated the engine model by system analysis. Table1 shows the estimeted engine model specifications Figure 2 is the engine brock diagram. It shows the propellants pressure, temperature and mass flow rate in the engine components at 100 % thrust.
Selection of the engine cycle
This engine model uses the gas generator cycle, because the cycle can designe the turbopump and the power source independence from the propellant flow late and pressure balance of main combustion chamber.
This feature can make it easy to keep the engine balance in wide operating range.
Feature of the engine model
This engine model uses LOX/Ethanol as the propellant. The other features of this model are shown below.
Supercritical pressured coolant Flow rate control by pressure reducer Constant head operation of the turbopump Gas/gas type coaxial injector Two stage heat exchanger If the coolant is gasified at the middle of the cooling channel (dry out), the heat transfer coefficient become lower than before dry out. As a result, it leads to burnout the combustion chamber wall. Therefore, the coolant in this model is pressurized over the critical pressure at any throttling level, so that the coolant heat coefficient change is softened. For this reason, the propellant flow rate or injection pressure are controlled by the pressure reducer.
Furthermore, the turbopumps operate at almost constant pump head condition at any throttling level. Therefore, the turbopump rotation rate range would be kept in narrow range.
Owing to this, the pump velocity triangle changes by the propellant flow rate, and it means the pump efficiency change widely by the thrust. On the other hand, the turbine velocity triangle is kept almost constant, because the inlet speed of turbine drive gas and turbopump rotation rate is almost constant. As a result of this, the turbine efficiency is kept in narrow range.
A gas/gas type injector can control the injection pressure ratio without complex design injection unit. In addition to this, it expands the regenerative cooling ability by the oxidizer heat capacity.
However, Ethanol heat capacity is not enough to gasify Oxygen and keep itself gas, because Ethanol stoving temperature is limited by the lower extremity temperature of thermal cracking. Furthermore this, the heat transfer coefficient of Ethanol is affected by the temperature, hence, the Ethanol temperature should be controlled suitable range to protect the chamber wall from burnout.
Therefore, this engine model has two staged heat exchanger to control the coolant temperature nicely.
Turbopump model
The turbopump in the rocket engine boosts up the propellant pressure enough to resist the combustion chamber pressure and pressure drop by the conducts.
Turbopump load and efficiency would be effective to the rocket engine propulsion performance, because the part of propellant used for driving the turbopump is wasted without producing thrust at the gas generator cycle rocket engine In this study, the turbopump model includes pump and turbine efficiency, the drive gas enthalpy drop, and the mass flow rate.
The pump characteristics are depending on the design specific speed Ns, as (1), 4 ) . 4 3 2 1 H NQ Ns (1) where, N is the pump rotation rate rpm, Q is the fluid volume flow late m 3 /min, H is the pump head m.
In this engine model, the turbopumps designed specific speed was chosen to be 200 m.
In narrow rotation speed range, the pump efficiency is approximated by the function of the Ns. The pump characteristic is curve is quoted from Ref.1.
The turbine efficiency is expressed in the function of the turbine blade speed and the drive gas speed at the turbine nozzle exit.
An optimum turbine efficiency ( t ) opt is calculated by Eq.(2),
where, 1 is absolute drive gas inlet angle to the turbine blade, n is the drive gas speed factor at the turbine nozzle, r is the turbine blade speed factor. Using 
where, u is turbine blade circumferential speed, v 1 is drive gas speed at the turbine nozzle exit, 'opt' means the value at designed operating point.
The drive gas speed is a function of gas generator operating O/F and turbine nozzle pressure ratio, calculated by NASA CEA code.
The other turbine design parameters are referred to Ref.5.
Regeneratively cooled combustion chamber model
A rocket engine combustion chamber is exposed to high heat flux. So, it needs for the cooling system to protect the chamber wall against the heat load. Most of rocket engine have cooling channel in the chamber wall. When the fuel passes the channel, it takes the heat away. Combustion gas side heat transfer coefficient was evaluated using Bartz equation. 7) The combustion efficiency and combustion gas heat transfer properties were calculated using Calhoon's method. 7) This method is developed to design and evaluate the combustion performance of the rocket engine using gas/gas type injector.
The Calhoon's method can evaluate the Cstar Efficiency of the gas/gas type injected rocket engine as the function of the combustion chamber pressure, O/F, the injection velocity of fuel and oxidizer, the number of injection elements, combustion chamber length and other parameters.
This calculation method was verified by Hydrogen/Oxygen combustion test using coaxial, impinging and the other types of gas/gas injector element. In this method, the parameters depend on the kind of propellant are only the physical properties of propellant and the result of chemical equilibrium calculation.
Because of this, we adopted the method to evaluate the engine model.
In this study, throttling capability and the combustion performance of the engine model were evaluated using some parameters, for instance, injection pressure ratio, the mixing efficiency of the propellants and Cstar efficiency transition in the axial direction of the combustion chamber, some of them were calculated by Calhoon's method.
Heat exchanger model
Gas/gas type injector need to gasify all the propellant. So, the engine system model has the heat exchanger to distribute the chamber cooling load between fuel and oxidizer.
In this study, our engine model has 2-staged heat exchanger.
The upstream one called intercooler keeps the fuel temperature into the range to display high heat transfer coefficient and to avoid thermal decomposition. The downstream one called aftercooler heats up the oxidizer to enough high temperature for gasification. The heat exchanger model is expressed as a paralleled double tube unit. The fuel and oxidizer Nusselt number is calculated using Eq. (4) and the pressure drop P is calculated using Eq. (5),
where, D E is equivalent diameter m, is fluid density kg/m 3 , u is the fluid flow rate m/s.
Result and Discussion
Turbopump efficiency
The turbopump efficiency variation with engine thrust level is shown Fig. 4 . The pump efficiency changes in a wide range. On the other hands, the turbine efficiency is kept in narrow range.
As for the reason pump efficiency, the pump head and the rotation rate are almost fixed though the propellant mass flow rate changes by the thrust. It causes the pump operating point, or specific speed to change in wide range. In this pump model, the pump efficiency is expressed in the function of the specific speed. As a result, the pump efficiency changed by the throttling.
As for the turbine efficiency, both the turbine rotation rate and the drive gas pressure drop ratio are almost fixed. It causes to settle the turbine blade speed and the drive gas speed at the turbine nozzle exit into a narrow range. In this turbine model, turbine efficiency is expressed in the function of the turbine blade speed and the drive gas speed at the turbine nozzle exit. As a result, the turbine efficiency is almost fixed in spite of the throttling.
As the turbopump efficiency is expressed by the product of the pump efficiency and turbine efficiency, the turbopump efficiency changes proportion to the pump efficiency. In comparison with the proportional rotation rate with propellant flow rate operation, constant rotation rate operation can achieve higher turbopump efficiency in case of off-design propellant flow rate.
The turbopump drive gas mass flow rate is about 3 ~ 9 % of combustion chamber propellant flow rate, as shown in Fig. 5 . This is the average Isp drop ratio for gas generator cycle rocket engine.
In addition to this, the rotation rate of the turbopump being kept in narrow range is favorable to avoid operation across the critical rotation speed.
Combustion chamber cooling and gasification the propellants
The combustion gas (hot gas) side wall temperature distribution is shown in Fig. 6 . The wall temperature should be controlled below 600 (for reusable rocket engine) ~ 800 K (for expendable rocket engine). In this engine model, the peak of hot gas side wall temperature is about 680 K at the nozzle throat. It can satisfy the demand for the expendable rocket engine, at least. The chamber wall temperature near the injector at low thrust level is higher than that at high thrust level. Figure 7 . shows the fuel temperature distribution within the combustion chamber cooling channel. When the engine operates at low thrust level, the cooling load par unit fuel mass is larger than that at high thrust level. As a result, the engine lower thrust operation, the higher coolant temperature at the same part of the cooling channel.
Ethanol heat transportation properties widely change in proportion to the temperature, as shown in Fig. 8 . This is the reason why the whole part of the hot gas side temperature is not according to the thrust level.
The oxidizer and fuel temperature distribution in the engine model is shown in Fig. 9 . The oxidizer temperature at pressure reducer valve inlet is much higher than the critical temperature at any thrust level. The fuel temperature at low thrust is high enough to gasification, too. As a result, the pressure ratio of injector kept the range to prevent the rocket engine from low frequency combustion instability through the whole throttling range. However, the fuel temperature at high thrust is just boiling point or critical point. Thus, some means to improve the heat transfer at the regenerative cooling channel should be adopted.
In addition, the pressure drop at the heat exchanger was less than 0.1 MPa at the fuel side, 0.1 -0.5 MPa at the oxidizer side. It did not make a serious impact on the turbopump load. Figure 10 shows the propellants pressure distribution in the engine model The injection pressure ratio is higher than 1.3 at any thrust level. According to Ref.7, the lowest pressure ratio limit to prevent the combustion instability is 1.2 . Therefore, we estimated this engine model was able to avoid the combustion instability over the throttling range. Figure 11 shows the Cstar efficiency variation in combustion chamber axial direction. In this analysis, C* goal is decided 96 % at nozzle throat. At any throttling level, the C*goal are satisfied. On the other hand, the combustion chamber dimension of this engine model is designed to get enough heat transfer amount to gasify all the propellant at 100% thrust, and it made the chamber volume to be extremely large against the designed thrust level.
Engine performance
So, the thrust weight ratio of this engine is expected worse than the conventional rocket engine. 
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Conclusion
In this paper, we analyzed the engine system balance and estimated the performance of gas/gas injection type rocket engine using Ethanol/LOX. As a result, the following matters were attained.
Gas/gas type injection rocket engine using Ethanol/LOX has a probability of 100 -10 % deep-throttling. With gas generator cycle, the Isp loss ratio is 3 -9 % in proportion to the throttling level. The turbopump would operate in narrow rotation rate range. It can be useful to avoid operation across the critical rotation speed. The peak of combustion chamber wall temperature can be controlled within the temperature range required for the expendable rocket engine. The pressure drop at the heat exchanger is not serious pressure loss in the propellant feed system. The engine has enough high C* efficiency at any throttling level.
The volume of combustion chamber is too large in comparison to the thrust level. 
